Abstract: We improve the beam quality and performance of coherently combined angledgrating broad-area lasers through current/gain confinement. We show that the nonuniform current/gain distribution in our previous lasers excites the second-order Bragg mode and degrades the beam quality. Ion implantation is used to provide a more uniform current distribution by confining the injected current within the grating area. The far-field measurement result shows that the near-diffraction-limited single-lobe envelope is obtained. Smaller threshold and larger slope efficiency are observed in the L-I curve as well.
Introduction
Diffraction-limited single-lobe far-field profiles are usually desired for the high-brightness operation of semiconductor lasers. Narrow-ridge waveguide lasers are designed to support a single (waveguide) mode through index guiding to fulfill this requirement. In the large-area lasers for highpower applications, however, weak index guiding is needed for the single-mode operation, and it is not robust against the index perturbation at large pump current. Therefore, special cavity designs are needed to overcome this problem, e.g., unstable resonator lasers [1] , angled-grating broad-area lasers [2] - [4] , photonic crystal Bragg lasers [5] , [6] and slab-coupled optical waveguide lasers (SCOWLs) [7] . These designs could provide over 1-W output power with near-diffraction-limited beam quality in a single emitter. To obtain even higher output power and brightness, beam combining techniques can be used. For those applications where the spectral brightness is not critical, wavelength beam combining can be used to obtain high output power with the brightness similar to a single emitter [8] , [9] . High-power diode lasers can also be coherently combined either by the active coherent beam combining, like the master oscillator power amplifier (MOPA) approach [10] - [12] or by the passive coherent beam combining, using common cavities such as Talbot cavity arrays [13] , [14] and self-Fourier cavity arrays [15] . However, all these approaches require external optical components and/or precise phase control in the laser arrays. There are few solutions for monolithic coherent beam combining of broad-area lasers. In our recent work, we have reported the first integrated coherent beam combining of angled-grating broad-area lasers [16] . In our demonstration, two angled-grating broad-area lasers are phase locked through Bragg diffraction in an integrated 2-D photonic crystal coupling region. More importantly, our design could be expanded to a bar-scale coherently combined laser array. However, the far-field profile reported in [16] has an overall double-lobe envelope, and the contrast ratio of the interference fringes is low.
In this paper, we show that the double-lobe envelope of the far-field comes from the second-order Bragg mode. It is excited by the nonuniform current/gain distribution due to the lateral current leakage. Here, we use ion implantation to confine the current in the grating area so that the fundamental Bragg mode will be the preferred lasing mode. We measure the near-field and far-field profiles of the combined laser diodes. The far-field profile has a single-lobe envelope with neardiffraction-limited divergence angle. We compare the measured interference pattern with the theoretically calculated result, and they show good agreement with each other. Compared to our previous result [16] , a better contrast ratio of the interference fringes is obtained. We also measure the output light power versus pump current (L-I) curves and spectra. Smaller threshold and larger slope efficiency are observed in the ion-implanted diodes due to better current confinement. Our experimental results have demonstrated that we successfully improve the combined laser beam quality by eliminating the overall double-lobe pattern in the far field. Fig. 1 shows the schematic plot of our coherently combined angled-grating broad-area laser integrated on a single chip. The laser cavity consists of two angled-grating broad-area lasers that tilt to opposite directions and overlap at one facet. The overlapped area defines a 2-D photonic crystal coupling region that coherently combines the two elements through Bragg diffraction. is the tilting angle. L and W are the cavity length and output aperture width, respectively. The blue area on top represents the ion-implanted region.
Laser Design and Fabrication
We use a multiple-quantum-well InP wafer to accomplish this paper, and the wafer structure is described in detail in [16] . For fabrication, the gratings are first written on the wafer surface by the e-beam lithography and then transferred into the wafer by dry etching. Before evaporating the metal contacts, the etched gratings are planarized by BCB to prevent metal falling into gratings, and then, the BCB is etched back to expose the unetched p-contact layer. After the p-side metal contact is evaporated, we implant protons in the blue regions shown in Fig. 1 . The tilting angle is set to be 10
. We use the first-order gratings with the period of 1.3663 m corresponding to the wavelength of 1550 nm (the effective index is estimated to be 3.2665). The grating etch depth is about 700 nm. The length of the cavity is about 1.3 mm after cleaving, and the width of a single emitter is about 140 m corresponding to 100 grating periods. The fabricated diodes are die bonded on C-mounts in the p-side up configuration for measurement.
Simulation Results
The planarization material, i.e., BCB, is an electrical isolator. Therefore, the effective resistance of the grating area under the metal contact is larger than that of the p-type highly doped area outside the gratings. As a result, the injected current will concentrate at the edges of the grating area. We carried out a 3-D current distribution simulation in COMSOL for a single emitter. The simulation geometry is shown in Fig. 2 . In the simulation model, a grating structure is set on the surface of substrate. All the interfaces contacting with BCB are set to be electrically isolated, and all the other materials are set to have the same electrical conductivity for simplicity. A gold plate is placed right on the top of the gratings as the metal contact. A current source is set on it. Fig. 3(a) shows the top view of the current density at the position of the quantum-well region.
The result shows a nonuniform current distribution with less current at the center and more current at the edges. We can calculate the modal gain of the first two Bragg modes and show that, with such a nonuniform current distribution, the modal gain of the second-order Bragg mode is actually larger than that of the fundamental mode. We first calculate the mode profiles of the firstand second-order Bragg modes by using the transfer matrix method [17] . They are shown in Fig. 3(c) and (d) , respectively. If we denote the modal gain as g m , it should satisfy
where Eðx Þ is the electrical field energy, and gðx Þ is the material gain. Therefore, the modal gain can be defined as
In the region around threshold, the material gain can be assumed to be linearly proportional to the current density [18] ; therefore, we can substitute gðx Þ in (2) with Jðx Þ, which we obtained from the simulation. Obviously, after such substitution, we can only obtain the relative modal gain of different modes, which should be adequate for comparison purpose. We also need to point out that, to make a fair comparison between different current density profiles, we should use the current density profiles obtained with the same current source amplitude. Mathematically, the current density should be normalized as
where Jðx Þ is the line current density obtained from the simulation result. Fig. 3(e) shows the normalized line current density corresponding to Fig. 3(a) and (b), respectively. Following the steps above, we find the normalized modal gain of the first two Bragg modes with the nonuniform current distribution to be 0.4153 and 0.4498, respectively, The second-order Bragg mode has a larger modal gain than the fundamental mode, which makes it more preferable to be the lasing mode in this situation. To select the fundamental mode, a more uniform current distribution is needed. A practical method to obtain this goal is to increase the resistance of the materials outside of the grating region. Thus, the lateral current leakage is decreased, and the current is confined under the metal contact. The simulation result of the current distribution in this situation is shown in Fig. 3(b) , and the normalized modal gains of the first two Bragg modes change to be 0.5311 and 0.5, respectively. Now, with a more uniform current density profile, the fundamental Bragg mode will be preferred as the lasing mode due to a larger modal gain. Experimentally, we can use ion implantation [19] , [20] to increase the material resistance outside of the grating region. We first tested several ion-implantation recipes with different ion energies in broad-area lasers. Fig. 4 shows the near-field pictures of different recipes. The near-field images were directly measured by using a near-infrared objective lens and camera, showing the beam profile at the emitting facet. In Fig. 4(a) , the nonimplanted device shows obvious tails in the near field. As the ion energy increases, the tails of the emitting aperture become smaller, which indicates less current leakage. As a result, we choose 260-KeV proton with the dose of 5 Â 10 14 =cm 2 as our ion-implantation recipe. 
Measurement Results
We measured the completed laser under CW pump condition in a cryostat with the heat sink temperature set at 230 K. Fig. 5 shows the near-field and far-field measurement results of our laser. In the near field shown in Fig. 5(a) , the total width of the emitting aperture is about 160 m, and the distance between the two apertures is about 425.6 m. There is about 10% difference in the intensities of the two beams. These values will be used in the theoretical far-field calculation. Compared with the near field reported in Ref. [16] , the near-field profile of the ion-implanted lasers has sharper edges of the emitting apertures and larger distinction ratio between the emitting area and dummy area due to better current confinement. In the far field shown in Fig. 5(b) , an overall single-lobe envelope is obtained. Multiple fringes in the far field are due to the interference of two coherently combined emitters. The full width at half-maximum (FWHM) is about 1.08 . The angular distance between fringes is about 0.2073
. Compared with our previous far-field result, a much better contrast ratio of the interference fringes is obtained. The difference between peaks and valleys for our previous device is only about 0.2, and in our current device, the difference is improved to be 0.9 in the normalized scale, which indicates better coherence of the two emitters. The reason for better coherence is that, after ion implantation, the first-order Bragg mode becomes the dominant lasing mode and has stronger coupling efficiency.
We also calculate the far-field pattern by applying Fourier transform on the measured near-field profile and compare the calculated result (green dashed line) with the measured far field (blue solid line) in Fig. 5(b) . The angular distance between fringes in the calculated result is about 0.2040
. We obtain a good agreement between the two results. Besides, we also show the measured far field of an ion-implanted single angled-grating broad-area laser. It is presented as the red dash-dot line in Fig. 5(b) . In [16] , the divergence angle of the combined laser is slightly larger than that of the single emitter. For our current lasers, however, the envelope of the far field of the combined laser is almost the same as that of the single emitter, which also suggests better coherence.
At last, the measured L-I curve and spectra are shown in Fig. 6 . In the L-I curve, the threshold is found to be about 555 mA, and the slope efficiency is about 0.15 W/A. The strong spontaneous emission is due to the relatively high optical loss of angled-grating cavity before the threshold. The performance is slightly better than our previous device, benefiting from better current confinement. The kinks in the L-I curve are caused by mode hopping, which can be observed in the spectrum measurement shown in Fig. 6(b) . When we increase the pump current to about 1200 mA, the peak wavelength suddenly changes from 1546.2 nm to 1550.6 nm. The far-field profile remains the same when the mode hoping happens, so it is only the longitude mode hoping. We believe that the mode The blue solid line is the measured far field of the coupled laser, the green dashed line is the calculated far field and the red dash-dot line represents the measured far field of a single angled-grating broad-area laser. We obtain a good agreement between the measured and calculated far field. The inset is the camera image.
hopping is the result of longitudinal mode competition. All the near-field and far-field results were acquired under 1200-mA pump current condition. When we further increase the pump current, the performance of the laser degrades due to the thermal problem.
In summary, the simulation results show that the far-field double-lobe envelope of our previous lasers is due to the second-order Bragg mode. It is excited by the uneven current distribution caused by the lateral current leakage. We use ion implantation to confine the current in the grating area to verify the simulation results. Better beam quality of the coherently combined angled-grating broad-area lasers is successfully obtained with the near-diffraction-limited overall single-lobe far field. The L-I curve measurement also shows smaller threshold and larger slope efficiency because of better current confinement.
